INTRODUCTION
The purpose o f obtaining s t a b l e carbon isotope analyses o f coprocessing products i s t o determine t h e amount o f coal (or petroleum) carbon t h a t i s present i n any r e a c t i o n product. This carbon-sourcing o f d i s t i l l a t e f r a c t i o n s , s o l u b l e r e s i d , and i n s o l u b l e organic matter, etc. i s useful i n modeling reactions, and evaluating
s y n e r g i s t i c e f f e c t s i f they e x i s t . A complete d e s c r i p t i o n o f t h e method o u t l i n e d i n t h i s paper, i n c l u d i n g a l l experimental d e t a i l s and c a l c u l a t i o n methods can be found i n Reference 1. Basic Method o f Aoolication
In general, the r a t i o o f the two stable isotopes (carbon-12 and carbon-13) d i f f e r s by small but measurable amounts f o r d i f f e r e n t n a t u r a l hydrocarbons l i k e coal and petroleum. The isotope r a t i o i s reported i n u n i t s o f parts-per-thousand (per m i l ) d i f f e r e n c e from a standard. For example, Pittsburgh seam coal has a carbon isotope r a t i o o f about -24 per m i l . Cold Lake bitumen has a carbon isotope r a t i o o f about -30 per m i l .
I f we analyze a physical mixture o f the two and i t has a carbon isotope r a t i o o f , say, -26 per m i l , we can use a simple mixing equation t o c a l c u l a t e t h a t (-24 -(-26))/(-24 - (-30 )) x 100 = 33.3% o f the carbon i n t h e mixture i s petroleum carbon or, a l t e r n a t i v e l y , t h a t 66.7% i s coal carbon. The p r e c i s i o n and accuracy o f the method are adequate f o r mixtures o f p r a c t i c a l i n t e r e s t (2).
Selective I s o t o o i c Fractionation
Actual coprocessing, however, involves considerable bond breaking. Because ' ' C -'*C bonds are s l i g h t l y weaker than "C -"C bonds, the l i g h t e r products, p a r t i c u l a r l y the C, x C, gases, are s l i g h t l y enriched i n "C r e l a t i v e t o the feed. The heavier products are s l i g h t l y enriched i n "C.
A t h i g h conversion c o n d i t i o n s (I), t h i s s e l e c t i v e i s o t o p i c f r a c t i o n a t i o n becomes s i g n i f i c a n t and must be accounted f o r . The simple physical mixing equation tends t o under-account f o r the i s o t o p i c a l l y heavier component (usually the coal) i n the l i g h t e r product f r a c t i o n s , and t o over-account f o r i t i n the heavier f r a c t i o n s .
PROCEDURES
Sampl i n q and Anal v s i s Procedures P r a c t i c a l a p p l i c a t i o n o f s t a b l e carbon isotope analysis r e q u i r e s t h a t the coal and petroleum have s u f f i c i e n t l y d i f f e r e n t carbon isotope r a t i o s . I n general, a d i f f e rence o f a t l e a s t 2 per m i l i s necessary, but a d i f f e r e n c e o f 4 p e r m i l i s prefer: able, p a r t i c u l a r l y i f s e l e c t i v e i s o t o p i c f r a c t i o n a t i o n i s expected. With c a r e f u l a t t e n t i o n t o sampling and analysis procedures, i t i s possible t o achieve a n a l y t i c a l r e p r o d u c i b i l i t y ( d i f f e r e n c e between repeat analyses) o f about 0.2 per m i l r o u t i n e l y . Therefore, the inherent accuracy o f the method i s about 5% ( r e l a t i v e ) . Without adequate attention to sampling and analysis procedures it is possible to encounter reproducibility errors of 1 per mil or more, rendering the application essentially useless. The biggest problem appears to be homogeneity for residual samples (i.e., nondistillate oils), although gas samples also are a problem. For viscous liquids and tar samples, the best approach is to homogenize the residual samples by melting, mixing, freezing (in liquid nitrogen), grinding, and remixing, then supplying a small (-lg) aliquot of the sample to the analyst. All isotope analyses were performed at least in duplicate, and an additional replicate analysis was obtained when those results differed by more than 0.2 per mil. Secondary standards similar to the analyzed material should be analyzed routinely to assure accuracy. The standard NBS 22 was analyzed 79 times during this work, giving a standard deviation of 0.04 per mil.
Correctinq for Selective IsotoDic Fractionation
Selective isotopic fractionation is the most significant problem in applying carbon isotope analysis to carbon-sourcing of coprocessing products. Attempts have been made to account for isotopic fractionation by doing "blank" runs in which the petroleum is processed alone (3). However, it is impossible to do a coal-only run at coprocessing conditions, without the use of a vehicle solvent, and this would require further correction. Ignoring the isotopic fractionation of the coal is convenient; however, we found (1) that higher-rank coals, in particular, undergo significant isotopic fractionation. It is also impractical to do a petroleum-only run and a coal-only run for each coprocessing run. Therefore, we sought a correction method that could be applied for the most common cases in which correction factors from blank runs are unavailable.
The correction method (a) is based on the fact that isotopic fractionation will make the hydrocarbon gases isotopically lighter than the respective feed, often by a substantial amount (4-10 per mil relative to the feed). However, because the gas usually represents only a small portion of the carbon (5-lo%), the non-gaseous products will differ from the feed by only 0.1 to 1.0 per mil. Therefore, the yield, isotope ratio and carbon content of the gas can be used to calculate the carbon isotope ratios of those portions of the feed coal and feed petroleum that report to the non-gaseous products.
It is not possible to determine from isotope analysis how the coal and petroleum individually fractionate. Overcoming this requires two assumptions. First, we assume that the gaseous carbon is produced from coal and petroleum carbon in equal proportion to their concentrations in the feed. Second, we assume that the degree of fractionation is the same for both feeds. That is, if the isotope balance requires that the gas is 4 per mil lighter than the total feed carbon, we assume that both the coal and petroleum each produce gas that is 4 per mil isotopically lighter than the respective feed carbon. The results of a sensitivity analysis (6) show that, for reasonable relaxations of these assumptions, relative errors are 5-10% if the feedstock pair has a sufficiently large difference in isotope ratio (>4 per mil). A third assumption is that the non-gaseous products from a particular feed all have the same isotope ratio. That is, that the coal-derived carbon in the naphtha has the same isotope ratio as the coal-derived carbon in the resid. In fact, there probably is some heterogeneity in the isotope ratios of the non-gaseous products, with the heavier products being isotopically heavier. This error is minimized by choosing feedstock pairs with large isotopic differences.
It is difficult to obtain valid data on gas samples. However, the carbon content and isotope ratio of the gas can be forced based on the feed analyses and analyses of the non-gas products. If valid gas data are available, they can be used. The input data required for the carbon sourcing calculation are the feed compositions, carbon and carbon isotope analyses of the feed components, and yields, carbon contents, and carbon isotope ratios of the product fractions. These are shown below. As noted above, we found it convenient to calculate the carbon content and isotope ratio of the carbonaceous gas because of problems with sample acquisition and analytical reliability. However, measured values may be used if available. In this example, the gas analyses are calculated by forcing the carbon and isotope analyses. The input data for the example case are given below: Based on t h e feed composition and coal and petroleum analyses, the isotope r a t i o o f the t o t a l feed can be c a l c u l a t e d as:
(1) 6 The carbon y i e l d i n t h e product gas i s the d i f f e r e n c e between t h e feed carbon 
This i l l u s t r a t e s the commonly observed e f f e c t o f s e l e c t i v e i s o t o p i c f r a c t i o n a t i o n : the gas (-36.0 per m i l ) i s i s o t o p i c a l l y l i g h t e r (more negative) than e i t h e r o f the feed components.

Based on the c a l c u l a t e d carbon isotope r a t i o o f t h e gas, the isotope r a t i o o f the t o t a l non-gaseous product ( d i s t i l l a t e s t r e s i d t PFC) i s c a l c u l a t e d as:
(3) (80.g)(-27.18)-(5.6)(-36.0) = -26.52 per mil 13 6 Cncn-gas = (13.9 + 27.9 t 17.4 t 10.8 t 5.3) W e assume t h a t the carbon i n the product gas i s produced from each feedstock i n proportion t o i t s carbon i n the feed, o r 2.7 and 2.9 l b carbon from t h e coal and petroleum, r e s p e c t i v e l y . W e a l s o assume t h a t the d i f f e r e n c e (X) between the isotope r a t i o o f the coal and petroleum carbon and the gases they produce i s the same. X, f o r each feed, i s equal t o t h e d i f f e r e n c e i n the isotope r a t i o calculated f o r the product gas and t h a t o f the t o t a l feed: These results indicate that the lower boiling distillates were preferentially produced from the petroleum, while the higher boiling distillates, resid and IOM were preferentially produced from the coal. Note that there is no information on the gas. We assumed in correcting for selective isotopic fractionation that it was produced with equal selectivity from the coal and petroleum.
It was demonstrated that, under appropriate circumstances, stable carbon isotope analysis can be an excellent method to determine the contributions of the individual feedstock to coal/petroleum coprocessing products and to follow the reaction pathways of the individual feedstocks. There are two primary considerations in applying this method: lk the difference in the stable carbon isotopic compositions of the two feedstocks (6 C), and 2) selective isotopic fractionation errors. An adequate difference in the isotope ratios of the coal and petroleum can be assured by selecting the appropriate coprocessi ng feedstocks. Selective isotopic fractionation is a consequence of the coprocessing process. It is affected by processing severity, and most coprocessing operations are at high enough severity to induce significant isotopic fractionation. Nevertheless, errors introduced by isotopic fractionation can be corrected, at least in some circumstances.
Even in those cases where the feedstocks are isotopically similar and where isotopic fractionation effects are significant but not corrected (worst case), the method provides data that are useful for discerning trends. However, for use of the method as a quantitative tool, it is important to maximize the difference in the isotope ratios of the coprocessing feedstocks and to follow good, careful sampling and analytical practices. This method allows one to examine the fate of the individual feedstocks through the coprocessing process.
